Exercise and Diastolic Function / 165 ■ PURPOSE: Previous investigations have reported a relationship between variables obtained from echocardiography with tissue Doppler imaging (TDI) and cardiopulmonary exercise testing (CPX) in systolic heart failure (HF) cohorts. The purpose of the present investigation was to perform a comparative analysis between echocardiography with TDI and CPX in patients with HF and normal ejection fraction (NEF).
ventilatory expired gas
Cardiopulmonary exercise testing (CPX) and echocardiography are cornerstones in the clinical evaluation in patients with systolic heart failure (HF).
1,2 Both assessment techniques provide complementary information, allowing for a more complete assessment of disease severity and functional impairment. However, unlike echocardiography, the clinical value of CPX in patients with HF and normal ejection fraction (NEF) is not established. While initial evidence indicates that CPX provides prognostic information in patients with NEF, 3 additional diagnostic and prognostic investigations are required to gain clinical acceptance. For example, we are unaware of any previous investigation that has assessed the ability of CPX to reflect the of the study. Seventy-two percent, 59%, and 38% of the subjects were prescribed an angiotensin-converting enzyme inhibitor, (-blocker, and antialdosterone agent, respectively. At a maximum, echocardiography with TDI and CPX were performed within 1 week of each other. In 80% of the cohort, both evaluations were performed on the same day. In the minority of cases where assessments were performed on separate days, clinical status and pharmacological regimen remained stable. Inclusion criteria consisted of a left ventricular ejection fraction (LVEF) 50% or more by echocardiography, a previous diagnosis of HF 16 with at least 1 previous hospital admission for acute cardiac decompensation, and the ability to perform maximal exercise testing on an outpatient basis. Informed consent and institutional review board approval was obtained prior to study initiation.
ECHOCARDIOGRAPHY
Standard M-mode and 2-dimensional echocardiography and Doppler blood flow measurements were performed in agreement with the American Society of Echocardiography guidelines. 17 Septal and posterior left ventricular (LV) wall thickness was obtained from the parasternal long-axis view. Left ventricular endsystolic volumes were obtained from 2-dimensional apical images. Left ventricular end-systolic volume was calculated according to Simpson's method from 2-dimensional apical images. Left ventricular mass was calculated according to the formula proposed by Devereux et al.
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Conventional Doppler and TDI Measurements
Mitral inflow measurements included peak early (E) and peak late (A) flow velocities and the E /A ratio. The TDI of the mitral annulus was obtained from the apical 4-chamber view. A 1.5 sample was placed sequentially at the lateral and septal annular sites. Analysis was performed for the early (EЈ) diastolic peak velocity. The ratio of early transmitral flow velocity to annular mitral velocity of the lateral LV wall (E /EЈ) was taken as an estimate of LV filling pressure.
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Cardiopulmonary Exercise Testing
Each patient performed a supervised progressively increasing (individualized ramp protocol) CPX to maximum tolerance on an electromagnetically braked cycle ergometer. Ventilatory expired gas analysis was obtained using a metabolic cart (Medgraphics CPX-D, Minneapolis, Minnesota). The oxygen and carbon dioxide sensors were calibrated prior to each test using gases with known oxygen, nitrogen, and degree of disease severity in the HF-NEF population (ie, diagnostic potential), an area that has been studied extensively in patients with systolic dysfunction. 4 Tissue Doppler imaging (TDI) allows for the quantification of additional variables during echocardiography, which appear to provide valuable clinical information, particularly with respect to diastolic function and hence, in the case of HF-NEF, disease severity. [5] [6] [7] Of the variables obtained from echocardiography with TDI, the ratio between mitral peak early (E) and annular (EЈ) flow velocity, a reflection of left ventricular filling pressure, appears to be particularly valuable. Given the established value of echocardiography with TDI in those with HF-NEF, determination of its relationship to CPX, a well-established clinical assessment technique in its own right, is warranted. Initial research indicates that, in patients with systolic HF, variables obtained from echocardiography with TDI relating to diastolic function are significantly correlated with peak oxygen uptake (VO 2 ). 8 While peak V O 2 is historically the CPX variable with the greatest degree of clinical recognition, there are a host of other variables demonstrating robust diagnostic and(or prognostic value, including the minute ventilation(carbon dioxide production (VE/VCO 2 ) slope, 9 the partial pressure of end-tidal carbon dioxide (P ET CO 2 ), 10, 11 exercise oscillatory ventilation (EOV), 12 heart rate recovery (HRR), 13 and dyspnea on exertion.
14 These latter variables, individually or as a group, have been scarcely assessed for their diagnostic or prognostic potential in patients with HF-NEF.
The purpose of the present investigation was to examine the ability of CPX to reflect disease severity in patients with HF-NEF, an area that has been thoroughly studied in the systolic HF population. This type of research is needed to determine the value of CPX in HF-NEF, and if results are promising, begin to establish the evidence needed to support utilization in clinical practice. We hypothesize that CPX variables, some of which have been shown to reflect cardiac 4 and pulmonary 15 function in those with systolic HF, will likewise reflect the degree of cardiac dysfunction as assessed by measures obtained from echocardiography with TDI in subjects with HF-NEF.
METHODS
Thirty-two consecutive subjects with HF-NEF (22 male/10 female, mean age: 62.8 ( 9.7 years, New York Heart Association class I-III), undergoing evaluation at San Paolo Hospital in Milano, Italy, were enrolled in this study. Sixty-nine percent of subjects had a history of coronary artery disease. All were receiving stable pharmacological management prior to initiation determine variable ability (in this case CPX) to discriminate between normal and abnormal "goldstandard" characteristics, were constructed for CPX variables to determine their ability to distinguish between an E /E Ј Յ or Ͼ10, which has been found to accurately distinguish between normal and elevated pulmonary capillary wedge pressure. 23, 24 Area under the ROC curve (range, 0-1.0) indicates the discriminatory value of a predictor variable with a value of 1.0 equating to 100% accuracy in sensitivity (ie, subjects with an E /E Ј Ͼ10) and specificity (ie, subjects with an E /E Ј Յ10)). Contingency tables were used to determine the positive likelihood ratio for an E /E Ј Ͼ10 based upon ROC curve-established CPX thresholds. Statistical differences with a P less than .05 were considered significant.
RESULTS
Echocardiography with TDI and CPX characteristics for the overall group are listed in Table 1 . Mean LVEF was within the normal range, and the mean E /E Ј ratio was less than 10 consistent with normal left ventricular filling pressure. 19 A mean peak respiratory exchange ratio more than 1.0 indicates good subject effort during CPX. Mean peak V O 2 and P ET CO 2 were carbon dioxide concentrations per manufacturer specifications. The flow sensor was also calibrated before each test using a 3-L syringe. Monitoring consisted of continuous 12-lead electrocardiography, manual blood pressure measurements, and heart rate recordings at every stage via the electrocardiogram. Peak dyspnea upon exertion (DOE) was defined as the highest value reported during the last stage of exercise using the 0-10 modified Borg scale, which has been previously validated in patients with asthma. 20 Test termination criteria consisted of patient request, ventricular tachycardia, 2 mm or more of horizontal or down sloping ST-segment depression, or a drop in systolic blood pressure 20 mm Hg or more during exercise. A qualified exercise physiologist with physician supervision conducted each CPX.
, V E (L/min), and P ET CO 2 (mm Hg) were collected continuously at rest and throughout the exercise test. Peak V O 2 was expressed as the highest 30-second average value obtained during the last stage of the exercise test. Peak respiratory exchange ratio was the highest 30-second averaged value during the last stage of the test. Ten-second averagedVE and V cO 2 data, from the initiation of exercise to peak, were input into spreadsheet software (Microsoft Excel, Microsoft Corp, Bellevue, Washington) to calculate theVE/ V cO 2 slope via least squares linear regression (y ϭ mx ϩ b, m ϭ slope). This calculation method for the V E/VCO 2 slope has been shown to produce clinically optimal information compared with derivations excluding data past the respiratory compensation point. 4 Resting P ET CO 2 was the 2-minute averaged value in the seated position prior to exercise, while the peak value was expressed as the highest 30-second average value obtained during the last stage of the exercise test. Exercise oscillatory ventilation was defined as an oscillatory pattern at rest which persisted for 60% or more of the exercise test at an amplitude 15% or more of the average resting value. 12, 21, 22 Heart rate recovery was defined as the difference between the values obtained at peak exercise and at 1-minute recovery during active cool-down (HRR 1 ).
Statistical Analysis
Continuous variables are reported as mean Ϯ standard deviation. Pearson product-moment correlation was used to assess the relationships between echocardiography with TDI and continuous CPX variables. The Spearman assessed the relationship between echocardiography with TDI and peak DOE. Unpaired t testing was used to compare differences in echocardiography with TDI variables according to the presence or absence of EOV. Receiver operating characteristic (ROC) curves, a statistical technique used to Results from the correlation analysis between echocardiography with TDI and CPX variables are presented in Table 2 . All CPX variables were correlated with E Ј and the E /E Ј ratio. The relationship between E Ј and both HRR 1 and peak DOE was the strongest compared with all other CPX variables. The most robust linear correlation with the E /E Ј ratio was again HRR 1 . The correlation between HRR 1 and both E Ј and the E /E Ј ratio are illustrated in Figures 1a and  1b , respectively. Both peakVO 2 and the V E/VCO 2 slope were significantly correlated with the A flow velocity, while the relationship between LVEF and both HRR 1 and peak DOE reached statistical significance. All other correlations between echocardiography with TDI and CPX did not reach statistical significance.
Unpaired t testing results for echocardiography with TDI variables according to the absence or presence of EOV are listed in Table 3 . The E /E Ј ratio and LVEF were significantly higher, while EЈ was significantly lower in subjects who demonstrated EOV during CPX.
Receiver operating characteristic curve analysis examining the ability of CPX variables to identify subjects with an E /E Ј ratio of more than 10 is listed in Table 4 . With the exception of EOV, the area under the ROC curve was significant for all other variables. The positive likelihood ratio for an E /E Ј ratio of more than 10 was highest in subjects with an HRR 1 of less than 16 beats per minute, followed by a V E/VCO 2 slope 14 Moreover, it appears a number of the aforementioned CPX variables prognostically and diagnostically outperform peak V O 2 in patients with HF. 4, 27, 30, 31 It appears that the present investigation is the first to examine the relationship between echocardiography with TDI and CPX variables in any HF cohort. In addition to peak VO 2 , all CPX variables assessed were significantly correlated with EЈ and the E /E Ј ratio, indicating that a poorer CPX response is reflective of worsening LV diastolic function in patients with HF-NEF. It does appear that HRR 1 demonstrated the strongest relationship with both E Ј and the E /E Ј ratio. In addition, while all but 1 CPX variable demonstrated significant diagnostic classification schemes, an HRR 1 threshold of less than 16 beats per minute most effectively identified subjects with an E /E Ј ratio of more than 10. Interestingly, this same HRR 1 threshold may be prognostically optimal in patients with systolic HF. 27 The same threshold trends for the V E/VCO 2 slope and resting P ET CO 2 were also found in the present investigation of 36 or more. The positive likelihood ratios for all other CPX variables were substantially lower and similar. For the 3 subjects presenting with an E /E Ј ratio at or above 15, all presented with EOV and a V E/VCO 2 slope of more than 36. Two of the 3 subjects presented with an HRR 1 less than 16 beats per minute, a peak V O 2 (12 mL . kg Ϫ1 . min
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Ϫ1
, a resting P ET CO 2 Ͻ 33 mm Hg, and a peak DOE Ն7. Only 1 of the 3 subjects presented with a peak P ET CO 2 Ͻ 33 mm Hg.
DISCUSSION
To our knowledge, this is the first investigation to examine the relationship between cardiac function, assessed by echocardiography with TDI and CPX in an HF-NEF cohort. The results presented here allow us to 35 the correlation of this exercise variable to both E Ј and the E /E Ј ratio, markers of diastolic dysfunction, is not surprising. Ventilatory dysfunction during exercise in HF, central to the frequently observed elevation in the V E/VCO 2 slope as well as EOV, has likewise been linked to autonomic abnormalities favoring increased sympathetic tone. 36 In addition, abnormal elevations in the V E/VCO 2 slope and peak DOE as well as diminished P ET CO 2 and peak V O 2 values have all been previously linked to increasing pressure in the pulmonary vasculature, 26, 37, 38 a condition that can be precipitated by LV diastolic dysfunction. 39 Such an elevation in pulmonary pressure (1) leads to ventilation-perfusion abnormalities, thereby negatively impacting the gas-exchange response during exercise, and (2) accentuates the sensation of dyspnea. Therefore, although it is not possible to assign percentage contributions to each unique pathophysiological process, both autonomic dysfunction and elevated pulmonary pressure serve as plausible factors accounting for the link between diastolic dysfunction and an abnormal CPX response in patients with HF-NEF.
T a b l e 4 RECEIVER OPERATING CHARACTERISTIC CURVE ANALYSIS USING CPX VARIABLES TO IDENTIFY SUBJECTS WITH AN E/EЈ Ͼ10
The small sample size of the present investigation is an apparent limitation. However, the fact that this study appears to be the first to analyze the relationship between echocardiography with TDI and CPX in patients with HF-NEF does add to its novelty, thus providing an important contribution to the literature. However, this type of analysis must be repeated in separate HF-NEF cohorts before more definitive conclusions regarding the ability of CPX to reflect disease severity are drawn.
In conclusion, the present investigation appears to be the first to assess a comprehensive list of variables obtained from echocardiography with TDI and CPX in patients with HF-NEF. Similar to previous investigations in patients with systolic HF, 4 it appears that the CPX response likewise provides a reflection of cardiac, specifically diastolic, dysfunction in a cohort with HF-NEF. Future investigations are needed to more clearly define the clinical role of CPX in this important HF subgroup.
where values 36 32 or less and less than 33 11 have been shown to indicate greater risk for adverse events in patients with systolic HF. Previous research has found that a multivariate approach to CPX variables, combining peak VO 2 , the V E/VCO 2 slope, resting P ET CO 2, and HRR 1 , provides optimal prognostic resolution in patients with systolic HF. 33 This finding is attributed to the fact that different CPX variables are, to a degree, reflective of unique pathophysiological mechanisms. Thus, while HRR 1 demonstrated the strongest correlation with E /E Ј in the present investigation, a multivariate CPX approach may ultimately prove to be clinically optimal.
These findings collectively indicate that threshold values used to define an abnormal CPX response for diagnostic and/or prognostic purposes in the systolic HF population may likewise be clinically applicable in patients with HF-NEF, providing insight into the degree of disease severity. As stated at the onset, the use of CPX in the clinical assessment of patients with HF-NEF is scarce, which is in large part attributed to the lack of scientific evidence supporting its use. The present investigation begins to lay the foundation supporting CPX in this HF group by demonstrating that this exercise assessment provides insight into the degree of diastolic dysfunction found in these patients.
The significant correlation between both peak DOE and HRR 1 and LVEF indicates that higher values for this echocardiography variable were reflected by poorer exercise performance, which was not necessarily an expected finding. While not reaching statistical significance, this appeared to be the trend between other CPX variables and LVEF. These findings may indicate a higher LVEF in subjects with confirmed HF secondary to diastolic dysfunction and reflects a higher level of disease severity; that is, subjects with a higher LVEF may present with a less compliant LV and therefore a lower-end diastolic volume and cardiac output. As a post hoc analysis to support this hypothesis, we examined the correlation between EЈ, an indicator of LV compliance, and LVEF finding a significant relationship (r ϭ Ϫ0.38, P ϭ .03). The correlation between A flow velocity and both peak V O 2 and the V E/VCO 2 slope was also not expected. This relationship may also be an indication of worsening LV compliance, reflected by a higher late A flow velocity and hence deteriorating exercise performance.
Cardiopulmonary exercise testing variables clearly demonstrated the strongest relationship with E Ј and the E /E Ј ratio in the present investigation. Both of the aforementioned echocardiography with TDI variables provide insight into diastolic function through their reflection of LV relaxation and filling
